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1. Introduction
The Dark Matter (DM) properties, despite of being one of the most widely investigated topics
in contemporary fundamental physics, are still largely undetermined. However, the current and
near future experiments are cutting more and more into the parameter space region predicted for
the most popular type of DM candidates, i.e. Weakly Interacting Massive Particles (WIMPs) (for
a review see [1]). In particular, high energy gamma ray astronomy is an exciting probe into these
fundamental questions. In fact, gamma rays are products of hadronization and radiative loss pro-
cesses, and are therefore unavoidably emitted in DM annihilation and decay. Also, the propagation
of gamma rays is unaffected by the Galaxy, and therefore the data contain the information on the
morphology of the emission region, together with the spectra (unlike, i.e. cosmic rays). Not least,
the Large Area Telescope (LAT), onboard the Fermi gamma-ray observatory [2], is now providing
unprecedented high quality data and statistics which makes it timely to investigate DM in gamma-
rays.
We will focus in particular on DM signatures in the gamma-ray diffuse emission. Diffuse data
contain about 90% of the LAT photons, and is extremely rich with information. Its Galactic com-
ponent encodes information on the propagation and origin of cosmic rays, distribution of cosmic
ray sources, magnetic and starlight fields in our Galaxy, while its extragalactic component is a
superposition of all unresolved sources emitting gamma rays in the Universe, providing a signa-
ture of energetic phenomena over cosmological scales. Both components are expected to receive a
contribution from dark matter annihilation/decay: the Galactic signal from the smooth dark matter
halo and Galactic substructures, while the extragalactic one from self-annihilation of dark matter
in all halos at all redshifts. The dark matter searches with the diffuse data by the Fermi-LAT team
is being pursued with the Extragalactic (Isotropic) Signal, by using the intensity and spectral shape
of the signal [3] and angular anisotropies [4]. Here we will investigate the DM signal originating
in our Halo (see also the analysis presented in [5]).
Due to the bright sources present in the Galactic Center and the bright diffuse emission along
the plane, it has been argued e.g. in [6], that the region of the inner Galaxy, extending 10−20 deg
away from the Galactic Plane, is the most promising in terms of a signal to background ratio S/N.
As an additional advantage, the perspectives to constrain a DM signal in that region, become less
sensitive to the unknown profile of the DM halo. In particular the S/N of quasi-cored profiles is
only a factor ∼ 2 worse than for the NFW case (compared to an order of magnitude of uncertainty,
when one considers the Galactic center region). The increase in S/N ratio away from the plane is
further emphasized for DM models in which DM annihilations result in a significant fraction of
leptons in the final state. These leptons diffuse in the Galaxy and produce high energy gamma rays
mainly through the Inverse Compton (IC) scattering on the Interstellar Radiation Field (ISRF). By
diffusing away from the Galactic Center region, electrons produce an extended gamma ray signal
which is easier to distinguish from the astrophysical signal ([7]).
In this work we build on this idea, and consider the whole sky data, while masking out the
Galactic Plane. We test DM annihilation and decay signal in the smooth Galactic halo, by per-
forming a spatial and energy fit. We also take into account the most up to date modeling of the
diffuse signal of astrophysical origin [8]. However, at present, this approach faces few limitations.
The high statistics of the Fermi data is currently unmatched with our knowledge of the cosmic ray
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production and propagation mechanisms, as determined by the cosmic ray experiments and cosmic
ray source observations. In other words, current diffuse models, which rely on the gamma ray
independent measurements, have both significant energy and spatial residuals, on small and large
scales. This poses a significant challenge to the statistical approach to constrain the presence of an
additional (e.g. dark matter) component in the fit (see also [5]). In this talk, we present preliminary
limits, based on the astrophysical background model, found to be one of the most conservative in
terms of dark matter searches, among the models currently considered in analysis of the diffuse
emission, by the Fermi-LAT collaboration [8].
2. Modeling of the high energy galactic diffuse emission
The Galactic diffuse gamma ray emission is produced by the interaction of energetic cosmic-
ray electrons and protons with interstellar nucleons and photons. Its main components are the decay
of neutral pions produced in CR proton interactions with the interstellar gas, bremsstrahlung of the
CR electron population on the interstellar gas and their inverse Compton scattering of the interstel-
lar radiation field. The three most important Interstellar Gas components are atomic (HI, making
up ∼ 50% of the diffuse emission), molecular (H2, about 10%) and ionized (HII∼ 2%) hydrogen.
Starting from radio observations, gas maps can be built for different annuli in galacto-centric dis-
tance [8] providing, effectively, a 3D model of the gas distribution in the Galaxy. An additional
uncertainty is introduced by the conversion of the observed quantities to the actual hydrogen col-
umn densities, which are taken into account in the way the fitting procedure is performed. Finally,
a full 3D model of ISRF is used, computed from a modeling of radiation emission from stars and
further reprocessing in the galactic dust [9].
Based on this set of inputs (scattering targets), the gas and IC gamma-ray maps are produced
by the GALPROP code [10], using up to date knowledge of cosmic ray distribution sources and
propagation parameters. Main parameters entering the GALPROP modeling (in addition to the
above mentioned) are: the distribution of cosmic ray sources, the height of the diffusive halo, the
nucleon and electron injection spectrum, the diffusion coefficient and Alfvén speed (for a review
see [10]). In this work, we closely follow the actual procedure for studies of gamma ray diffuse
emission of the Fermi-LAT collaboration [8]. For a particular choice of the CR source distribution
and the diffusive halo size zh, other propagation parameters are obtained with a fit to CR data
only. The models are then compared to the gamma ray data using a binned likelihood fit using
the GARDIAN tool. Together with the above GALPROP models, describing the Galactic diffuse
emission, point sources, modeled from the 1FGL point source catalog [11], as well as an isotropic
emission component [12] have been included in the fit with a free normalization.
DM maps are fitted jointly with the diffuse components described above. The ingredients
entering the production of dark matter maps are the DM distribution and its annihilation/decay
spectra. Numerical simulations of Milky Way size halos reveal a smooth halo which contain large
number of subhalos [13]. The properties of the smooth halo seem to be well understood, at least
on the scales resolved by simulations (outside of inner few hundreds of parsecs, e.g. few degrees
away of the Galactic Center), and to converge among the various simulations. The properties of the
subhalo population, on the other hand, are more model dependent, and we conservatively consider
only the smooth component in this work. We parametrize the smooth DM component with a NWF
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Figure 1: Upper panel: All sky map (left) and the spectral shape of dark matter particles annihilation to bb¯
(right). The typical spectra of the astrophysical contribution is shown for comparison. Lower panel: The
same, for DM annihilation to µ+µ−.
profile [14] and a cored isothermal sphere profile. For the local density of dark matter we take the
value of ρ0 = 0.43 GeV/cm3, and the scale radius is assumed to be 20 kpc (NFW) and 2.8 kpc
(isothermal profile). The actual choice of the DM density profile does not have a huge effect on our
limits as we do not consider the central few degrees of the Galaxy (where these distributions differ
the most).
For the annihilation/decay spectra we considered two channels with distinctly different signa-
tures: decay to bb¯ channel, and to µ+µ−. The former case results in the spectrum which is similar
for all channels in which DM annihilations/decays produce heavy quarks and gauge bosons (ex-
cept for t quark), and is therefore predicted by most of the particle physics models. Gamma rays
are then produced through hadronization and pion decay. The significant annihilation to leptonic
channels, provided by the second scenario, is motivated by the PAMELA [15] positron fraction
and Fermi-LAT [16] electron spectral measurements (see also [17, 18]). In this case, gamma rays
are dominantly produced through radiative processes of produced electrons, as well as through the
final state radiation, as shown in figure 1. DM maps are produced again with the GALPROP code,
using, when propagation of electrons produced by DM is relevant, the same set of para meters of
the astrophysical diffuse model.
3. Method
To obtain the Dark matter limits shown here, we performed a binned likelihood fit with the
GARDIAN tool, using DataClean event class (where the charged particle contamination has been
4
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Figure 2: DM limits, obtained by using the astrophysical model based on the cosmic ray source distribution
from direct observation of SNR, and a diffusive halo size of 4 kpc. Upper pannel: Limits on dark matter
models in which DM annihilates to bb¯, for DM distribution given by the NFW distribution (left) and isother-
mal distribution (right). Lower panel: The same, for DM annihilation to µ+µ−. In this case, regions of
parameter space which provide a good fit to PAMELA [15] (purple) and Fermi-LAT [16] (blue) cosmic ray
electron and positron data are shown, as derived in [18].
minimized, while maintaining 70% of the acceptance of the Diffuse event class at high energies)
and 21 months data, in the 800 MeV-100 GeV energy range. We further mask the point sources
from the 1FGL point sources catalogue. Notice, however, that we still keep the point sources
model in the fit since, especially at low energy, some flux is leaking from the point sources outside
the mask. Furthermore, we mask the bright Galactic plane, in order to minimize the uncertainty
brought in for example, by the modeling of the gas maps and numerous point sources. Finally, we
leave in the fit the following free parameters: overall normalization of H2, HI, IC and DM maps,
normalization and spectral index of the isotropic component and residual contribution from point
sources, for a total of 7 parameters.
At the moment, a difficulty involved in the analysis is the fact that the fit always prefers a
significant contribution of DM (for all DM channels and masses) making the procedure of setting
an upper limit not well defined. Conservatively, we use the procedure of attributing the observed
excess to not well modeled background and we set upper limits at the 3 sigma confidence level
above the best fit normalization of the DM contribution. However, a further drawback is that,
although the above astrophysical models derived for different CR source distributions and different
zh all describe reasonably well (not in a strict statistical sense, though) both the CR and the gamma-
ray data (see again [8]), the DM limits depend significantly on the choice of the model. Again,
here, we choose to be conservative and we quote as final upper limits the“worst" among the ones
obtained for the different models we explored, which come from a CR distribution modeled from
the observed distribution of SNRs and a zh =4 kpc.
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Figure 3: Limits on DM decay to µ+µ−, obtained by using the astrophysical model based on the cosmic ray
source distribution from direct observation of SNR, and a diffusive halo size of 4 kpc. In this case, regions
of parameter space which provide a good fit to PAMELA [15] (purple) and Fermi-LAT [16] (blue) cosmic
ray electron and positron data are shown, as derived in [24].
As shown on Figure 1, DM signal dominates in the Galactic Center and it has an extended
latitude profile compared to the emission of astrophysical origin. Given these features, the first
order effects on the DM limits are the behavior of the chosen CR source distribution in the vicinity
of the GC (central few parsecs), which affects the emissivity in the region of the inner Galaxy, and
the assumed size of the diffusive halo, which affects predicted latitude profile. We checked that
the change in other propagation parameters (e.g. the index of the diffusion coefficient) have much
smaller effect .
The cosmic ray source distribution is generally determined by the direct observation of super-
novae, or its tracers (among which pulsars are prime candidates as they have a common predeces-
sor), and it suffers from an observational bias, especially in the region of the inner Galaxy. There
are currently only 46 observed SNR, and the distribution derived from their direct observation [19],
in comparison to the one derived from the observation of pulsars [20, 21], predicts less sources in
the inner galaxy, going to zero in the Galactic Center and with a weaker gradient. The difference
is not large, however, the SNR source distribution is under-predicting the data in the inner Galaxy
and the fit maximizes the likelihood by increasing the contribution of DM, which explains why the
final DM limits are worse for this model, which we therefore conservatively chose.
Larger diffusive halo height fits the data better in terms of latitude profiles and the preferred
halo size is found to be ≥ 10 kpc. Smaller halo size typically under-predicts the observed latitude
profile, and in that case too, the likelihood of the fit is increased with the addition of the DM
component.
4. Preliminary Results
Overall, despite the various conservative choices, the limits are competitive with respect to the
ones of other analyses in gamma-rays like dwarfs or clusters [22, 23]. In particular, as shown in
Fig.2 for masses around 20 GeV the thermal relic value of the annihilation cross section is reached,
irrespectively of the DM Halo profile. More interestingly, considering annihilation into muons, the
limits are significantly improved with respect to similar analyses performed without background
6
Galactic Halo Dark Matter and the Fermi-LAT Diffuse Measurement Gabrijela Zaharijas
modeling [24, 25], and the DM interpretation of the PAMELA/Fermi CR features is ruled out, also
irrespectively of the DM profile.
We also consider constraints for the case of decaying DM which are shown in Fig.3. Also here
the DM interpretation of the PAMELA/Fermi CR features is ruled out, apart a small region which
is still allowed fitting Pamela only but not Fermi.
Further work is in progress along the lines outlined in this and [5] proceedings.
References
[1] L. Bergstrom, Rept. Prog. Phys. 63, 793 (2000) [arXiv:hep-ph/0002126]. G. Bertone, D. Hooper and
J. Silk, Phys. Rept. 405 (2005) 279 [arXiv:hep-ph/0404175]. G. Bertone, Nature 468, 389 (2010)
[2] W. B. Atwood et al. [LAT Collaboration], Astrophys. J. 697, 1071 (2009)
[3] A. A. Abdo et al. [Fermi-LAT Collaboration], JCAP 1004, 014 (2010)
[4] J. Siegal Gaskins, proceedings IDM 2010
[5] B. Anderson, proceedings IDM 2010
[6] P. D. Serpico and G. Zaharijas, Astropart. Phys. 29, 380 (2008) [arXiv:0802.3245 [astro-ph]].
[7] E. Borriello, A. Cuoco and G. Miele, Astrophys. J. 699, L59 (2009) [arXiv:0903.1852 [astro-ph.GA]].
[8] A. A. Abdo et al. [The Fermi-LAT collaboration], in preparation
[9] I. V. Moskalenko, T. A. Porter, A. W. Strong, Astrophys. J. 640 (2006) L155-L158.
[10] A. W. Strong, I. V. Moskalenko and O. Reimer, Astrophys. J. 537, 763 (2000) [Erratum-ibid. 541,
1109 (2000)] [arXiv:astro-ph/9811296].
[11] A. A. Abdo et al. [The Fermi-LAT collaboration], Astrophys. J. Suppl. 188 (2010) 405-436.
[12] A. A. Abdo et al. [The Fermi-LAT collaboration], Phys. Rev. Lett. 104, 101101 (2010)
[13] J. Diemand, M. Kuhlen and P. Madau, Astrophys. J. 667 (2007) 859 [arXiv:astro-ph/0703337].
V. Springel et al., Mon. Not. Roy. Astron. Soc. 391, 1685 (2008) [arXiv:0809.0898 [astro-ph]].
[14] J. F. Navarro, C. S. Frenk and S. D. M. White, Astrophys. J. 462, 563 (1996)
[15] O. Adriani et al. [PAMELA Collaboration], Nature 458, 607 (2009) [arXiv:0810.4995 [astro-ph]].
[16] A. A. Abdo et al. [The Fermi LAT Collaboration], Phys. Rev. Lett. 102, 181101 (2009)
[17] D. Grasso et al. [FERMI-LAT Collaboration], Astropart. Phys. 32, 140 (2009). P. Meade, M. Papucci,
A. Strumia and T. Volansky, Nucl. Phys. B 831, 178 (2010) [arXiv:0905.0480 [hep-ph]].
[18] L. Bergstrom, J. Edsjo and G. Zaharijas, Phys. Rev. Lett. 103, 031103 (2009) [arXiv:0905.0333
[astro-ph.HE]].
[19] G. L. Case and D. Bhattacharya Astro. Phys. J. 504, 761 (1998) [arXiv:astro-ph/9807162].
[20] D. R. Lorimer et al., Mon. Not. Roy. Astron. Soc. 372 (2006) 777 [arXiv:astro-ph/0607640].
[21] I. Yusifov and I. Küçük, A&A 422 (2004) 545 [arXiv:astro-ph/0405559].
[22] M. Ackermann, M. Ajello, A. Allafort et al., JCAP 1005 (2010) 025.
[23] A. A. Abdo, M. Ackermann, M. Ajello et al., Astrophys. J. 712 (2010) 147-158.
[24] M. Papucci, A. Strumia, JCAP 1003 (2010) 014. [arXiv:0912.0742 [hep-ph]].
[25] M. Cirelli, P. Panci, P. D. Serpico, Nucl. Phys. B840 (2010) 284-303.
7
